Objectives: Our study aimed at assessing the prevalence and determinants of vitamin D deficiency . Multivariable logistic regression showed that significant risk factors of vitamin D deficiency were country of origin (women born in Switzerland and Germany had a lower risk than women born in other countries), smoking status (lower risk for former smokers) and intake of vitamin D supplements.
Introduction
Vitamin D is a fat-soluble vitamin acknowledged for its importance in maintaining bone health. Suboptimal vitamin D levels have also been associated with higher frequencies of different types of cancers [1] [2] [3] , cardiovascular diseases [1] and auto immune diseases such as multiple sclerosis [4, 5] , rheumatoid arthritis [6] and type-1 diabetes [1, 7] .
Vitamin D occurs naturally in a limited number of foods but is mainly synthesized by the skin through UVB light exposure [8] . After ingestion or cutaneous formation, vitamin D is first converted by the liver to 25- Most humans depend on sun exposure to satisfy their requirements for vitamin D, but in countries above latitude 35°North (and South), UVB radiation is insufficient to enable endogenous vitamin D production all year round [9] . Since Switzerland is at a latitude of 46°N a large percentage of the Swiss population is likely to be vitamin D deficient [10] . This is particularly true during winter months when sun exposure and UVB radiations are inadequate for cutaneous vitamin D formation [11] . Numerous studies have reported associations between vitamin D deficiency during pregnancy and adverse outcomes both on maternal health and fetal development [12] . Poor maternal vitamin D status has indeed been correlated with pregnancy complications such as preeclampsia, premature birth, infants born small for gestational age [13] [14] [15] [16] and respiratory tract infections among children [17] . According to a report issued in 2012, the vitamin D status, and consequently the prevalence of vitamin D deficiency in pregnant women living in Switzerland remains mostly unknown [18] . Even if most of the reported determinants of vitamin D deficiency are similar to the ones reported for the general population, some determinants seem to remain sub-group-and country-specific [19] . The understanding of vitamin D status in early pregnancy and the importance of the role of the country of origin and other predictors to explain this deficiency may help to reduce health inequalities among women living in Switzerland and guide future public health policies. More generally, our research will contribute to increasing our knowledge on the vitamin D status of pregnant women in the Swiss population.
Methods

Study design
The study design was described elsewhere [20] . In summary, pregnant women in their first trimester of pregnancy (between week 6 and 12 of pregnancy) were conveniently recruited between September 2014 through December 2015 while attending their first routine antenatal care appointment at the Clinic of Obstetrics of the University Hospital Zurich (USZ). Inclusion criteria were pregnancy, plans to deliver at the Clinic of Obstetrics of the USZ, minimum age of 18 years, current residence in Switzerland for at least 6 months before the start of pregnancy, and fluency in German, French, Italian or English. Exclusion criteria were multiple pregnancies, HIV infection, history of parathyroid, renal or liver diseases, chronic malabsorption syndromes or granuloma-forming disorders, age below 17 years or known (or suspected) drug or alcohol abuse. For eligible participants, an informed consent was obtained by the physician. A 10 mL blood sample was drawn during routine blood collection. Study participants and the responsible physician completed together a questionnaire (see Additional file 1) aiming at gathering socio-demographic information as well as data related to the pregnancy and lifestyle. Our final sample consisted of 204 women. The study was not representative of the whole Swiss population, but the choice of the USZ was driven by the heterogeneity in the socio-demographic and cultural background of women attending this hospital. In general, the city of Zurich has a large foreign population (32%) [21] . A true sample size calculation was not available in practice, because the coefficients of determination between covariates could not be determined. However, a minimum of ten participants per covariate were included in the analysis, as suggested by Agresti [22] for multivariable logistic regressions.
Approval (KEK-ZH-Nr. 2013-0213) was provided by the cantonal ethics committee of Zurich, Switzerland.
Laboratory analyses
The Institute of Clinical Chemistry of the University Hospital Zurich analysed all blood samples within hours following collection: after centrifugation and serum extraction, total 25-hydroxyvitamin D (25(OH)D) was analyzed with the vitamin D total-analysis Roche Cobas® electro-chemo-luminescence immunoassay (Roche Diagnostics, Basel, Switzerland; detection range: 3.0-70.0 ng/ mL for 25(OH)D; above 15 ng/mL, inter-assay coefficient of variation: 11.5% and intra-assay coefficient: 6.5% [23] ). Women with serum 25(OH)D concentrations strictly below 20 ng/mL were considered as vitamin D deficient, as recommended by the Endocrine Society [24] . Women with serum 25(OH)D concentrations above 20 ng/mL were considered as non-deficient (which includes both insufficient (20 to 30 ng/mL) and sufficient (above 30 ng/ mL) as defined by the Endocrine Society [24] ).
Variables and determinants of vitamin D status
The variables and potential determinants of vitamin D status were retrieved from the questionnaire (Additional file 1) and medical records. In summary, we collected age, week of pregnancy, parity (nulliparous yes, no), gravidity or first pregnancy (yes, no), Body Mass Index (BMI) before pregnancy (self-reported), BMI at enrolment (self-reported, mentioned in tables as BMI current), skin colour type, country of origin categorized into five groups, education level of the mother and of the partner in line with the International Standard Classification of Education [20] (less than compulsory education and compulsory education; secondary education; tertiary education), smoking status (never, ever, current), season at enrolment (winter [December 21st - sleeves, trousers, hat (never, sometimes, always), fish consumption (herring, salmon, mackerel, sardine or tuna) at least once a week (yes, no) and intake of vitamin supplements containing vitamin D (yes, no). Vitamin D containing supplements were either pure vitamin D supplements or multivitamin supplements containing vitamin D. Dosage, adherence to treatment and start of intake were not recorded. We grouped countries of origin in five categories based on the regions defined by the world National Bank and previously reported [20] (group 1: Switzerland and Germany; group 2: Northern America, Northern Europe, Central Asia and New-Zealand; group 3: Southern Europe, Australia and Latin America; group 4: South-East Asia Pacific; group 5: Africa and Middle East). We have previously shown that dark skin colour was associated with a higher prevalence of vitamin D deficiency [20] . Eventually, we decided to assess vitamin D concentrations under the angle of the country of origin and compare the differences between subgroups. Country of origin is informative and important in clinical practice as it encompasses aspects such cultural behaviours, physical activity, eating habits and attitude towards sun exposure in addition to skin colour. We then proceeded to identify the significant determinants of vitamin D deficiency in early pregnancy and finally established a prospective prediction model. Several models were compared with the objective to identify the best compromise between statistical validity, ease of data collection and practicality in a clinical environment.
Women's skin colour was assessed according to the classification by Fitzpatrick [25] using a five-level scale [20] . The classification into skin types was assessed in two steps. In a first step, study participants were shown a picture of the different skin colour types (I-V) and rated their own type. The same evaluation was done in parallel by the physician. In a second step, women were asked to classify in one of five predefined categories what happens to their untanned skin when exposed to the sun under specific conditions [20] . Based on their skin colour type and skin tanning evaluations, women estimated their own skin phototypes. When the classification of a pregnant woman and the interviewer disagreed, the upper rounded arithmetic mean was used to determine the skin colour type.
Additionally, we defined a melanin index [26] on the basis of measurements conducted with a narrow band spectroscopy instrument (DSM II ColourMeter, Cortex Technology, Hadsund, Denmark; green diode 568 nm, red diode 655 nm). Measurements were repeated 3 times on the inner underarm and the arithmetic mean was calculated. The instrument was calibrated on a weekly basis using a white balance.
Statistical analyses
Statistical analyses and graphing were carried out using R version 3.3.2 for Windows. Boxplots represent the medians and first and third quartiles. Prior to starting statistical analyses, categorical variables, for which the size of certain subsets was insufficient to guarantee the strength of statistical testing, were transformed and levels combined when deemed necessary. Skin colour phototypes were dichotomized into light skin colour (Fitzpatrick scale I to III) vs. dark skin colour (Fitzpatrick scale IV and V). For the variables education level of the mother and education level of the partner, individuals with "less than compulsory education" and "compulsory education" were grouped into one level (level 1). Finally, melanin index was taken into account both as a continuous variable and split into tertiles.
Univariable logistic regression analyses were performed with vitamin D status (deficient versus non-deficient) as dependent variable to estimate associations between vitamin D deficiency and following potential determinants: age, week of pregnancy, nulliparity, gravidity, BMI before pregnancy, BMI at enrolment, skin colour, country of origin, education level achieved by the mother and by the partner, smoking status, season, sun exposure, use of sun protection, fish consumption and intake of vitamin D-containing supplements. Multivariable logistic regressions with vitamin D status (deficient versus nondeficient) as dependent variable were subsequently performed. The Akaike information criterion (AIC) score and the area under the curve of the receiver operating characteristics (c-index) and likelihood ratio test Chi-square test (LRT) were used for selecting the final model. Calibration curves were realized to display how much the predictive values calculated with our models differed from the observed values. These curves were obtained by binning our data by halves: data was first split in upper and lower half, these halves were in their turn split in halves and finally, extreme halves were split recursively. Both predictive and observed values were binned and averaged within each bin. Dots sizes are proportional to the number of observations within a bin.
Model 1, also referred to as full model, included all probable determinants, excluding variables highly associated with each other. Associations between variables were tested using Cramér's V for categorical and Pearson's correlation coefficient for continuous variables. Model 2 was the most parsimonious model. Finally, model 3 was determined using backward-forward AIC selection principles. For all models, the measure of association was the odds ratio (OR) and its corresponding 95% confidence interval (95% CI). P value threshold was set at p < 0.05. The goodness of fit and best prediction power assessments were performed by comparing the c-statistics of all three models.
Results
Characteristics of the studied population
Among the 204 pregnant women in their first trimester participating in the study ( 10 .7 ng/mL). The overall mean age at blood collection was 30 years, with women in group 1 being the oldest. All women in group 1 were fair skinned, whereas more than 65% of women in groups 4 and 5 were dark skinned. The highest proportion of pregnant women with an education level less than compulsory and compulsory was observed in group 5 (54.3%). More than half of the women in the overall sample had never smoked with the highest proportion of never and former smokers seen in groups 4 and 5. 75% of women ate fish more than once a week, which was similar among the different subsets. Finally, 37.8% of women used vitamin D supplements, with the highest proportion in group 3 (53.6%).
Determinants of vitamin D deficiency in early pregnancy
Results obtained through univariable logistic regression analyses (Table 2) revealed that risk factors for vitamin D deficiency were higher BMI before pregnancy and at enrolment, higher melanin index, dark skin colour, and country of origin (women originating from country groups 2, 4, and 5 had higher odds of deficiency than group 1). Conversely, older age, education level of both the mother and her partner (the higher the education level the lower the odds of deficiency), smoking status (former smokers had a lower odds of low vitamin D circulating level), use of sun protection (women never or sometimes using sun protection suffered less from vitamin D deficiency) and the intake of vitamin D-containing supplements, had a protective effect.
Before proceeding to multivariable logistic regressions, we tested the collinearity between statistically significant variables. The following pairs of variables were considered as correlated: gravidity and nulliparity (Cramér's V = 0.79), education of the mother and education of the partner (Cramér's V = 0.56), skin colour and country of origin (Cramér's V = 0.64), and finally BMI before pregnancy and BMI at enrolment (Pearson's correlation coefficient = 0.98). Consequently, a decision was made to exclude the variables nulliparity, education of the partner, skin colour and BMI before pregnancy from further analyses as we considered them the least informative. As a result, the first model analyzed (model 1) included age, week of pregnancy, BMI at enrolment, gravidity, country of origin, education of the mother, smoking status, season, days spent in the sun, use of sun protection, fish consumption and use of vitamin D containing supplements.
Compared to the univariable logistic regressions results, country of origin, smoking status and use of vitamin D-containing supplements remained significant determinants of vitamin D deficiency, and BMI at enrolment remained close to significance (Model 1; Table 2 Table 2 ). Though it could be argued that model 3 as the most parsimonious model would better serve this purpose, LRT Chi-square tests between model 2 and 3 were performed. Results indicated that model 2 fits the data significantly better than model 3 (LRχ 2 : 10.46, DF: 3, p = 0.015) recommending the former as the best model to predict vitamin D deficiency in practice. While Receiver Operator Characteristic (ROC) curves supported the discrimination power assessment of the models, we used calibration curves to display the degree of accuracy of predictive values obtained with our models vs. observed values (Fig. 2) .
Discussion
Although numerous adverse outcomes have been associated with vitamin D deficiency, the public health prevention strategy to reduce vitamin D deficiency still seems inadequate in Switzerland. Our study, realized in 2014 and 2015, was the first one to assess risk factors for vitamin D deficiency in pregnant women living in Switzerland. The level of deficiency among pregnant women in their first trimester of pregnancy and living in Zurich attained almost two-thirds of the sample. This was a higher prevalence than those observed in some recent European and American studies (Additional file 2: Table S1 [27] [28] [29] [30] [31] ). Similarly, the median 25(OH)D concentration in the present study (17.1 ng/mL) was lower than mean or median values reported (Additional file 2: Table S1 [27] [28] [29] [30] [31] ). Likewise, results in our study of pregnant women living in Switzerland in their 3rd trimester of pregnancy had both a prevalence of vitamin D [33] , and clear recommendations for daily vitamin D intake during pregnancy [34] . Our study population was very heterogeneous with only 22% of the women originating from Switzerland and Germany. But also in this subgroup, mean 25(OH)D level was only slightly above the threshold for vitamin D deficiency (21.4 ng/mL). All other subgroups had a median 25(OH)D level below 20 ng/mL. Women from South East Asia and from Africa and the Middle East in our sample had a greater risk of being vitamin D deficient than the rest of the studied population. A similar association had been observed in Belgian and Dutch studies, in which ethnicity and immigrant background were discussed as potential determinants of vitamin D deficiency during pregnancy [27, 35] . However, a Spanish study assessing country of birth as a predictor of 25(OH)D deficiency did not observe a significant association [29] , which might be due to the small number of women originating from a foreign country.
Our results might be driven by a higher prevalence of dark-skinned individuals in South East Asian and African subsets. Skin colour was identified as a significant predictive factor in univariable logistic regression analysis, but it was no longer considered in the multivariable analysis as collinearity analysis confirmed a high correlation with the country of origin. However, skin colour remains an important factor, which should be taken into consideration when assessing vitamin D deficiency risk in a population. As a matter of fact, skin pigmentation, which is thought to have developed as an evolutionary protective adaptation from the damaging effects of excessive direct sun exposure [36] , has been identified as a predictor of vitamin D deficiency. Humans with dark skin pigmentation have skin naturally rich in melanin (especially eumelanin). Melanin functions as a shield and absorbs ultraviolet B radiations reducing vitamin D3 synthesis by > 90% [37] . Therefore, dark-skinned individuals need longer sunshine exposure in order to produce the same amount of vitamin D than individuals with less pigmented skins. People moving to areas of reduced ultraviolet B radiations compared to their home countries might be at higher risk of vitamin D deficiency. This situation could be further complicated by cultural habits such as traditional skin covering (veiling), vitamin D-poor diets and avoidance of direct sun exposure, which has also been shown in a review of vitamin D deficiency in Mediterranean countries [38] .
Smoking habits were another lifestyle factor identified as significantly impacting the vitamin D status of pregnant women in our study. Interestingly, women who had quit smoking had lower odds of being vitamin D deficient than never-smokers. We do not believe that being a former smoker has a protective effect with respect to vitamin D deficiency. More likely, former smokers, especially women who quit smoking for a pregnancy, might have a different, more conscious health behaviour than other women. Although a Danish survey of healthy women aged 45-58 years revealed that smokers had significantly reduced levels of serum 25(OH)D [39] , BMI before pregnancy (n = 6), current BMI (n = 6), education of partner (n = 2), Days per week spent at least 1 h outdoor in the past 6 months (n = 2), using sun protection in the summer (n = 2), fish consumption (n = 2) evidence for pregnancy remains controversial. In a Belgian study, smoking was established as increasing the risk of vitamin D deficiency in pregnancy [27] . A Spanish study conducted during the perinatal period showed identical patterns revealing that serum 25(OH)D levels were higher in women who continued smoking while pregnant than in non-smoking pregnant women [40] . Yet, another Spanish study did not observe any significant relationship between smoking habits and Vitamin D deficiency during early pregnancy [41] . Vitamin D supplement intake was a predictor of vitamin sufficiency in our sample. In a British study, 25(OH)D levels in pregnant women were significantly higher in women randomized to vitamin D supplementation than to placebo. However, despite supplementation, 20% of the recruited women did not achieve repletion [42] . Similar effects were observed in an intervention performed in the northern part of the United States, where black women, even though compliant with prenatal supplement use remained at high risk of vitamin D insufficiency. One of this study's limitations, however, was the lack of information on supplement dosages [43] . In our sample, of the 129 women being vitamin D deficient, 36.1% took vitamin D supplements. An important caveat is that we neither had information as to when the pregnant women included in our study started supplementing nor the level of intake compliance. It appears that despite the use of vitamin D supplements, certain women might still be at risk of vitamin D deficiency. Indeed, other modifiable (BMI) and non-modifiable (genetics) factors are thought to influence the effect of vitamin D supplementation. A systematic review revealed that a significant percentage of serum 25-hydroxyvitamin level variation is explained by the vitamin D intake per kg of body weight [44] . In our study, among the 55 deficient women in group 4 and 5, 41.8% had a BMI above 25 kg/m 2 at enrolment. Interestingly, even though not at a significant level, higher BMI at enrolment was a predictor of deficiency. It is thought that an increased vitamin D deposition in fat tissues potentially leading to decreased circulating levels [45] .
The second objective of the present research was to establish a model that is able to best explain low circulating vitamin D levels in pregnant women and might help to identify women at risk of vitamin D deficiency in clinical settings. Women's country of origin, smoking status and use of vitamin D supplementation were recognized upon univariable and multivariable logistic regression analyses as significant determinants of vitamin D deficiency in this Swiss sample. BMI at enrolment, even though not significant, also seemed to play a role in explaining low 25(OH)D concentrations. However, these variables will be needed to be tested in an independent sample to determine test performance compared with circulating 25(OH)D. Finally and against the researchers' expectations, seasonality was not a significant parameter which could be included in our model. We believe that the non-statistically differences are due to limited sample size for each season.
A limitation of our study is the low generalizability driven by the small sample size and self-selection of study participants. However, more than two-thirds of women approached by the recruiting physicians participated in this study. Additionally, only a small proportion of the women included in the study had a Fitzpatrick index of V. Also, skin colour assessment did not take into account information regarding recent skin tanning associated to a fresh return from vacation in the sun or use of tanning booths. Furthermore, since women were asked at their visit to the clinic to participate in the study (and to actually participate in that visit), we kept our questionnaire rather short such that we did not assess dietary intake of vitamin D-containing foods in detail and neither did we collect information on the frequency of use and the dosage of vitamin D supplements.
Conclusion
In conclusion, country of origin (correlated to skin colour), smoking habits, use of vitamin D supplements and to a certain extent BMI are important determinants of vitamin D deficiency in the first trimester of pregnancy in this group of women living in Switzerland. These criteria should be considered during the first prenatal consultation to ensure an early detection of deficiency and a prompt implementation of corrective measures when the deficiency is confirmed. The high prevalence of vitamin D deficiency observed in pregnant women in their first trimester suggests that Switzerland should adapt the prevention strategy currently in place and strengthen the focus on high-risk sub-groups. 
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